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A SQUID operated magnetometer is used to determine concentration deviations of low 
magnetic doping as a function of position. Experimental results are compared with 
computer calculations and some improvements are demonstrated. 
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With the superconducting quantum mechanical interference 
device (SQUID) it is possible to perform accurate 
susceptibility measurements on very weak magnetic 
materials. 1 In the present paper a SQUID arrangement is 
presented which is used to detect very small changes in the 
susceptibility as a function of position. It is applied to 
determine the deviations from a uniform distribution of 
magnetic ions in a crystal. For this purpose the crystal is 
placed in a homogeneous magnetic field. The susceptibility 
in the crystal is proportional to the concentration of
magnetic ions, while the magnetic induction at the surface 
of the crystal is proportional to the local susceptibility and 
therefore to the local concentration of magnetic ions. 
The induction near the surface can be measured with a 
SQUID operated magnetometer. 
Measurements are performed on Verneuil grown rutile 
(TiO2) crystals with dimensions 65 x 4.0 (c-axis) x 1.5 mm, 3 
where the 65 mm is along the direction of growth. Iron 
doping is introduced uring growth and variations in 
concentration may be expected along this dimension. With 
an Fe a+ doping of 500 ppm the magnetic susceptibility is 
about 10 -a (SI units). 
The equipment 
The magnetic field is applied perpendicular to the length of 
the crystal. The magnetic flux is measured along this length 
with a pick-up coil at a distance r from the crystal. An 
astatic oil configuration (Fig. 1 a) is used in order to 
eliminate the effects of homogeneous magnetic fields. 
This configuration is connected to the signal coil of a rf 
SQUID using twisted teads. 2These leads are shielded by 
passing them through the hollow core of ordinary 
soldering wire. The pick-up coil is fixed at the centre of 
the superconducting magnet 3which is operated in the 
persistent mode. Care must be taken that the coil and 
SQUID cannot move with respect to the magnet. The 
liquid helium dewar is placed on the floor without any 
precautions against vibrations. 
The authors are in the Department of Applied Physics, Twente 
University of Technology, P.O. Box 217, Enschede, The 
Netherlands. Received 23 January 197a 
r3 
6 mm 
2n 
Q 
1 
- -6  
J 
- I 
cross-section A-A ~A 
b c 
Fig. 1 a-Pick-up coil with a compensating coil on each side, 
wound in opposite direction. Number of turns n = 5 
b, c-Two views of the device. 
1-sample holder, 2--crystal, 3-magnet, 4-pick-up coil, 
5-Plexiglass rod, 6-SQUID 
The crystal is moved along the coil by means of a Plexiglass 
rod (Fig. lb, c). The position of the crystal is monitored 
with a tenturn potentiometer. 
Since a stainless teel cryostat is used and the body of the 
magnet consists of thick plates of Vacoflux Oa r -~ 1000) 
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no further shielding against any electromagnetic disturb- 
ances is applied. 
Measurements and results ,~\  
\ -  
A magnetic induction B of 0.0132 T or less is used. Crystal, \ \  
coil system, SQUID and magnet are placed in liquid helium \ \  \ \  
at 4.2 K. After short circuiting the magnet it takes about \ \  
4 hours for the system to become sufficiently stabilized \~  
for the measurements to be performed. This may be due to \7  
a long adjusting time of the magnetic domains in the core of \ \ ,\ \ \ the magnet or to a small resistance in the flux transformer. \ 
\ ,  \ 
In Fig. 2 the results of measurements on two different mtile \ \  
crystals are presented. Because of the high sensitivity of \ \  
the system, deviations of 1% from the uniform doping can \ \~  
easily be observed. Due to fringing fields the flux near the \ \  
ends of the crystal shows an 'overshoot' effect. \ \  
Analogous to optical systems a resolving power can be ~\  
defined. If two pieces of uniformly doped crystals are at , \ \  
zero distance from each other a flux q~l will be measured. 
If the distance is increased, the flux measured inbetween Fig. 3 
the two pieces will decrease and reach a minimum value 
~o. The distance at which the flux reaches the value 
(~1 - ~bo)is taken to be the resolving power of the 
system. It was found to be approximately 1 mm for r = 1 mm 
and A/= 1 mm. 
The reliability was tested by measuring the temperature 
dependence ofthe susceptibility of Cerium Magnesium Nitrate 
powder; a rectangular glass tube with a length of 18 mm 
containing 80 mgr of 100% CMN was used. 
The measured susceptibility Xp can be described by the 
relation 
Xp = CIL + O~p 
T 
(-,_ 
The value of r-P- is found to be 14.3 +-0.3 K. 
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Fig, 2 Scan of two different crystals, r = 1.0 + 0.2 mm, 
A /= 1 ram, B = 13.2 x 10-aT, vertical axis - 200 mV division. -t 
The crystals are denoted by DB31 and DB11 
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Two dimensional model on which calculations are performed 
S imula t ion  
To study the influence of the distance between the crystal 
and pick-up coil on sensitivity and resolving power, 
computer calculations were carried out. 
The model on which the calculations are performed is shown 
in Fig. 3. In this model the susceptibility of the crystal has 
two discrete values: ×o and X0 + AX- The last value is only 
present in a small section in the middle of the crystal. 
Neglecting side effects, no further variations in X are 
assumed in the z-direction, so the problem can be regarded 
as two dimensional. This reduces the pick-up coil to a line 
element A/. 
Because of symmetry only one quadrant (x > 0, y > 0) is 
taken into account 
Since V x H = O, H can be written as H = -VUwhere Uis 
the scalar magnetic potenital and because V • B = O the 
problem is governed by the partial differential equation 
V./z V U = O x [/1 = #o(1 + ×)] with boundary conditions 
(see Fig. 3) 
Y = 0 : U = 1 } 
y = 15 : U= 0 
~U 
x = 0 : ,, = 0 Due to symmetry 
~x 
Dirichlet boundary conditions 
~U 
x = 15 : - -=  0 
~x 
The last condition suggests that at a certain distance the 
variation in X has no influence on the magnetic induction. 
The problem is solved by a simple form of the finite element 
method. 4 This method involves a minimalisation of 
ff (VU,/aVU)dxdy under the Dirichlet boundary conditions. 
In order to perform the minimalisation numerically the 
region of calculation is covered with Turner triangles. The 
values of U in the nodes of the network are taken as the 
unknowns of the problem. 
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Fig. 4 Calculated response due to a local variation in ×. The 
difference between the fluxes ¢x=0 and ¢x=15 is A¢,  
r=0.06mm,  A l= l  mm.B=36x 10-aT  
by A~ = Ce -At for r smaller than half the length of the 
disturbance. The factor C depends on A× and B. 
Secondly the resolving power is calculated as function of 
r (Fig. 6). For r = 1 mm and Al = 1 rmn the resolving power 
is seen to be 1 mm. 
In Fig. 7 the calculated flux is given, for an example of 
three regions having different values of X. 
The following conclusions can be drawn from the cal- 
culations. 
1. The calculated flux difference A¢ is proportional to 
AX and B, as expected. 
2. The response to variations in X is increased by 
mmlmmng r.  
3. For small r the relative accuracy A~b(r+Ar) - A~(r)/ 
A~(r) is proportional to the uncertaintly Ar and 
independent of r. 
4. The resolving power improves with decreasing r. 
5. If several variations in X are present, the total response 
is not the sum of the responses of each of the separate 
variations. 
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Fig. 5 Calculated A@ as a funct ion of  r, A X = 0 .002,  
~/=1 mm, B =36x10 -3T .For0<r< 1 ,5mmisA~=Ce -At, 
in which C = 2.96 x 10 -8 Wb m -1 ,A  = 0 .52 mm -1 
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After determination f the values of U for a certain AX the 
magnetic flux ~b through the line element AI can be cal- 
culated as a function of X and r. In Fig. 4 a result of the 
computer calculations i shown. A¢ is defined as the difference 
between the fluxes Cx=oand ~x= is. As shown in this figure 
there is an 'overshoot' effect in all simulation results. 
S imulat ion  resu l t s  
The accuracy of the numerical simulation is estimated by 
increasing the number of triangles. From the changes in 
the calculated values of A~) the accuracy isestimated at 1%. 
In fig. 5 the calculated A¢ is given as a function oft. For 
practical purposes the function A~r) may be approximated 
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Fig. 6 Resolving power as a funct ion of r, AX = 0 .002,  
AI  = 1 mm 
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Fig. 7 Calculated response due to three regions with d i f ferent  
values of ×. r = 0.06 mm, A /= 1 mm, B = 36 x 10 -a T 
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Fig. 8 Scan o f  crystal DB 11. r = 0.25 + 0.05 mm, A I  = 0.1 mm, 
B = 33 x 10 -s T,  vertical axis - 200 mV division. 1 
Discussion 
The magnetometer described above provides anon- 
destructive detection method for small variations in 
concentration fmagnetic ions in the bulk of materials. 
The value determined by calculation for the resolving 
power agrees with that obtained experimentally. 
Although the system provides very reproducable r sults, 
an improvement of the resolving power is desirable. 
Minimizing the distance between the crystal and the pick-up 
coil will increase the resolving power and the sensitivity as 
is confirmed by calculations. The improved resolving power 
should match the uncertainty in A~b, in order to obtain 
real progress. In our case this uncertainty is small enough 
to allow improvement of the resolving power alone. 
The influence of the width AI of the pick-up coil on the 
resolving power and the sensitivity has not been 
calculated. But it is clear that for a smaller width the 
resolving power will increase while at the same time the 
sensitivity will be reduced. This is demonstrated in 
Fig. 8 (cf Fig. 2). 
Only relative concentration variations were measured, 
however absolute concentration measurements are 
possible using a calibration crystal. 
The authors are indebted to Prof. Dr. L.C. van der Marel 
for the motivating discussions, to Dr. F.P.H. van Beckum 
for his assistance in developing the computer model and 
to Mr. J.A. Ulfman for constructing the SQUID and for 
his technical assistance. 
References 
1 Cerdonio, M., Cosmelli, C., Romani, G.L., Messana, C., 
Gramaecionni, C. Superconducting magnetometer for high 
resolution susceptibility measurements, RevSci Instr 47 
(1976) 1-5 
2 Giffard, R.P., Webb, R.A., Wheafley, J.C. Principles and 
methods of low-frequency electric and magnetic measurements 
using an rf biased point contact superconducting device, 
J Low Temp Phys, 6 (1972) 533-610 
3 Hentley, E.L. Superconducting magnet for an 8 mm travelling 
wave maser, Cryogenics 6(1967) 33-35 
4 Strang, G., Fix, GJ. An analysis of the finite element method, 
(Prentice Hall Inc, New Jersey 1973) 74-78 
266 CRYOGENICS. MAY 1978 
